Environmental variability is on the rise in different parts of the earth, and the survival of many species depends on how well they cope with these fluctuations. Our current understanding of how organisms adapt to unpredictably fluctuating environments is almost entirely based on studies that investigate fluctuations among different values of a single environmental stressor such as temperature or pH. How would unpredictability affect adaptation when the environment fluctuates between qualitatively very different kinds of stresses? To answer this question, we subjected laboratory populations of Escherichia coli to selection over~260 generations. The populations faced predictable and unpredictable environmental fluctuations across qualitatively different selection environments, namely, salt and acidic pH. We show that predictability of environmental fluctuations does not play a role in determining the extent of adaptation, although the extent of ancestral adaptation to the chosen selection environments is of key importance.
Introduction
Increasing climatic variability around the globe (Bhutiyani et al., 2007; Forister et al., 2010) has exposed many natural populations to greater environmental fluctuations than what they have experienced in their recent evolutionary past. The survival of many of these species depends on how well they face these environmental fluctuations. That is why, over the last decade or so, a large number of studies have investigated the ecological and evolutionary responses of organisms to such fluctuations (Gavrilets & Scheiner, 1993; Whitlock, 1996; Reboud & Bell, 1997; Hallsson & Bj€ orklund, 2012; Alto et al., 2013) .
Frequency of environmental changes is one of the factors that determine the evolutionary response of organisms exposed to fluctuating environments. Theory predicts that selective sweeps of large effect mutations are favoured when the environments change slowly (Cohan, 2005) . Frequent environmental changes, on the other hand, are expected to favour plastic responses (Ancel, 1999) that can be in the form of bet hedging (Beaumont et al., 2009) or induced phenotypic switching of expression tuned with the rates of environmental change (Acar et al., 2008; Botero et al., 2015 and references therein) . In the case of bet hedging, only a subset of the individuals in the population shows a phenotype different from the rest and this process is stochastic (Berka et al., 2002; Maamar & Dubnau, 2005; Beaumont et al., 2009; Holman, 2015) . In case of induced responses, potentially, the whole population can respond to the change in environment. Whereas both kinds of responses are relatively easier to discern in multicellular organisms, in microbial systems, they are more difficult to identify and distinguish (see Discussion). As opposed to the two extremes of very slow and very frequent environmental changes, outcomes of fluctuations at intermediate scale have received limited attention (Ancel, 1999; Meyers et al., 2005; Cohan, 2005 but see Karve et al., 2016 Karve et al., , 2015 Ketola et al., 2013) . Fitness outcomes in these cases can result from plastic changes or adaptive responses or a combination of both.
The other aspect of environmental fluctuations that can potentially affect evolutionary outcomes is predictability of the fluctuations. Faced with predictable fluctuations on a slightly longer (few generations) timescale, populations can improve fitness over all the values of environments experienced during the selection (Turner & Elena, 2000; Hughes et al., 2007; Coffey & Vignuzzi, 2011; Condon et al., 2014) . Fitness outcomes of unpredictable fluctuations, interestingly, are more difficult to predict.
Theory suggests that, when fluctuations in selection environments are not correlated, mean fitness of the populations is not expected to go beyond the average of the optimum of the fitness in various environments (Chevin, 2013) . Experiments show that this is indeed the case when environment fluctuates unpredictably over a short duration of selection (Karve et al., 2015) . However, when faced with unpredictable environments over a longer duration, the overall mean fitness actually improves. This is achieved by improving the fitness in some environmental components, without any change in fitness in remaining components of the environment (Karve et al., 2016) . Therefore, selection in unpredictable fluctuations can lead to an increase in fitness in the selection environments (Turner & Elena, 2000) or show no change (Alto et al., 2013) . To complicate matters further, in some cases, fitness can increase for some selection environments but not for others (Hughes et al., 2007) or for some measures of fitness but not for others (Hallsson & Bj€ orklund, 2012) . In short, there is no consensus on evolutionary outcomes under unpredictable fluctuations.
One of the aspects of selection under unpredictably fluctuating environments relates to the nature of the fluctuating environments themselves. When the selection environment fluctuates between different values of the same parameter, then although the strength of selection changes, the nature of selection remains similar. Thus, for example, when a population is selected for unpredictably fluctuating values of temperature (Alto et al., 2013) , then adapting to a temperature of say 40°C is likely to enable the organism to do well under 39°C or 38°C. This can potentially lead to very different evolutionary outcomes from the case when the environment fluctuates across qualitatively different parameters (say salt and pH, Karve et al., 2016 Karve et al., , 2015 , such that both the nature and the strength of selection changes over time (but see Bubliy & Loeschcke, 2005; Ketola et al., 2013) . How will adaptation be affected by unpredictability in environmental fluctuations under such circumstances? Will it be similar in magnitude to populations facing predictable fluctuations or constant environments? Does adapting to a fluctuating environment affect the variation in fitness across environments?
In this study, we attempt to answer some of these questions pertaining to the effects of unpredictable environmental fluctuations using laboratory populations of Escherichia coli. We found that unpredictability did not hinder the extent of adaptation when environment fluctuated across different environmental parameters, over a short duration (~260 generations). Variation in fitness, across environments, was also comparable for predictable and unpredictable selection regimes. In fact, the extent of adaptation was mainly governed by how well the ancestor was adapted to a chosen selection environment.
Materials and methods

Experimental evolution under fluctuating environments
For the selection experiment, we used an Escherichia coli K12 MG1655 strain in which the lacY gene had been replaced with a kanamycin resistance gene. This strain had been used previously as an ancestor for studying effects of unpredictable, complex fluctuating environments (Karve et al., 2016) .
A single colony of this ancestor was picked up from a plate containing nutrient agar with kanamycin (see Appendix S1 for composition). This was then inoculated into 50 mL of nutrient broth with kanamycin (NB Kan ) (see Table S1 for composition) and allowed to grow for 24 h at 37°C, 150 rpm. A total of 100 replicate populations were initiated, each by adding 4 ll of this suspension to 2 mL of NB Kan . These 100 replicate populations were randomly assigned to five different selection regimes, leading to 20 replicate populations per regime. The populations in the first regime were subcultured at pH 7 and salt 0.5 g% (henceforth, Control) for the entire duration of the selection. The second and the third selection regime was composed of pH 4.5 + salt 0.5 g% (henceforth, Acid) and pH 7 + salt 5 g % (henceforth, Salt). The fourth selection regime (henceforth, Predictable) consisted of predictable fluctuations that alternated between pH 4.5 + salt 0.5 g% (i.e. conditions similar to Acid) and pH 7 + salt 5 g% (i.e. conditions similar to Salt) every 24 h. In other words, the populations experienced Acid ? Salt ? Acid ? Salt. . . with the environments shifting predictably at every subculture. In the fifth selection regime (henceforth, Unpredictable), the populations faced a random sequence of Acid and Salt every 24 h, that is the magnitude of the stresses remained the same but the order in which the populations experienced them became unpredictable (see Table S2 for details of all the selection regimes). This sequence was generated using random numbers from a uniform distribution.
Selection and assays were performed using 24-well tissue culture plates with 2 mL of appropriate growth medium and 4 ll of inoculum volume. The growth conditions were maintained at 37°C with 150 rpm of shaker speed, and all the populations were subcultured every 24 h. The selection lasted for 30 days which translates into~260 generations (Bennett & Lenski, 1997) . At the end of the selection, populations were stored with 30% glycerol at À80°C for fitness assays.
Fitness measurement
Fitness was estimated in two ways: as the maximum growth rate over a period of 24 h (Ketola et al., 2013; Karve et al., 2015) and maximum density (K) reached in 24 h (Karve et al., 2016) . Fitness for all the selected populations was measured in three different assay environments, namely Acid, Salt and Control. For every population, 4 lL of culture was inoculated and grown overnight in 2 mL of NB Kan . 4 lL of this revived culture was then inoculated in 2 mL of relevant assay environment in 24-well plates. OD 600 was measured every 2 h on a plate reader (Synergy HT BioTek, Winooski, VT, USA) over a period of 24 h. Following previous studies (Karve et al., 2015 (Karve et al., , 2016 , we used a QBASIC (v 4.5) script to estimate the maximum growth rate. The script fits a straight line on overlapping moving windows of three points on the time series of OD600 values. The maximum slope obtained by this method was taken as the maximum growth rate. We used the maximum density reached during the same 24-h growth trajectories as an estimate of the carrying capacity. For every assay environment 9 selection regime, two independent trials were conducted on two different days. Thus, there were a total of 600 (three assay environments 9 five selection regimes 9 20 replicate populations 9 two independent trials) estimates of maximum growth rate and K.
Statistical analysis
Overall mean fitness
The absolute values of fitness depend on the corresponding assay environments. To compare fitness across environments, fitness estimates were scaled by the average fitness value of the ancestors in the same assay environment obtained from a previous study (Karve et al., 2016) . The scaled fitness values were analysed using four-way mixed-model ANOVA. Selection (five levels: Control, Acid, Salt, Predictable and Unpredictable) and assay environment (three levels: Control, Acid and Salt) were fixed factors crossed with each other. Replication (twenty levels) was a random factor nested in Selection, whereas Trial (two levels) crossed with selection 9 assay environment was used as a block (random factor). For the significant main effect of Selection, post hoc analysis was performed using Tukey's HSD.
Variation for fitness
As variance and standard deviation scale with mean, we estimated coefficients of variation (CV) as a measure of variation in fitness. For a given selected population in a given assay environment, we estimated the average fitness across the two trials. For each population in a given selection regime, we then computed the CV across the fitness estimates in the three different assay environments. Every selection regime thus yielded 20 CV estimates, one for each replicate population. These were then analysed using one-way ANOVA with Selection (five levels) as a fixed factor, followed by Tukey's HSD. It is important to note that this analysis is in the context of variation in fitness across environments and not the underlying genetic variation.
To assess the biological significance of the difference in overall mean fitness of selected and control populations, we computed Cohen's d statistic (Cohen, 1988) as a measure of the effect sizes (Sullivan & Feinn, 2012) . The effect sizes were interpreted as small, medium and large for 0.2 < d < 0.5, 0.5 < d < 0.8 and d > 0.8, respectively (Cohen, 1988) . Difference between the fitness estimates of two selection treatments was considered significant only when the significant P-value was accompanied by medium or large effect size. All ANOVAs in this study were performed on STATISTICA v5.0 (StatSoft Inc., Tulsa, OK, USA), whereas the Cohen's d statistics were estimated using the freeware Effect SIZE GENERATOR v2.3.0 (Devilly, 2004) .
Results
For both measures of fitness, that is maximum growth rate and K, the overall mean fitness of the control populations was significantly lower than all other selection regimes, except those selected in Acid (Fig 1  a, F 4 ,285 = 13.96, P < 0.001 for maximum growth rate, F 4,285 = 20.12, P < 0.003 for K, Tables S4 and S5 ). This suggested that all the populations were adapting in all the environments. However, both measures of overall mean fitness were comparable for the Predictable and the Unpredictable fluctuating regimes (Fig. 1a, Table S4 ), implying that unpredictability of environmental fluctuations posed little hindrance to adaptation.
As two of the five selection regimes faced fluctuating environments, it was important to study the variation in fitness across these environments. To investigate this, for each selection regime, we calculated the coefficient of variation of fitness for both maximum growth rate and K across the three assay environments. All the selected populations had significantly lower CV than the Control populations for both measures of fitness (Fig. 2, F 4 ,95 = 34.36, P < 0.001 for maximum growth rate, F 4,95 = 83.47, P < 0.001 for K, Tables S4 and S5 ).
Significant statistical interaction between selection and assay environments (F 8, 285 = 6.46, P = 0.003 for maximum growth rate and F 8, 285 = 24.97, P < 0.001 for K), in conjunction with the results of the post hoc comparisons (Table S4 ), showed that the extent of
adaptation was greater for all those cases where harsh salt concentration (5 g%) was part of the selection environment (i.e. everything except Control and Acid in Fig. 1) .
Finally, we analysed the two fluctuating treatments separately to uncover any subtle differences that might have been lost while analysing the whole data together. Consistent with the previous analysis, we did not find any difference across the predictable and unpredictable fluctuating selection regimes, for mean fitness (F 1,114 = 0.12, P = 0.75 for maximum growth rate and F 1,114 = 0.66, P = 0.47 for K, Fig 3) . This observation was surprising given that previous studies have shown that extent of adaptation can be different across predictable and unpredictable fluctuations (Hughes et al., 2007; Alto et al., 2013) .
Discussion
Experimental evolution studies on microbial populations often focus on the stresses that are either constant or predictably changing in magnitude (Reboud & Bell, 1997; Ketola et al., 2013; Condon et al., 2014) . However, most natural populations are likely to experience unpredictable changes in the environment. Previous studies show that unpredictable fluctuations restrict the extent of adaptation compared to the predictable selection regimes (Hughes et al., 2007; Alto et al., 2013) . Contrary to these studies, we found that, over the short run, unpredictability puts little constraint on the extent of adaptation. Increase in overall mean fitness was comparable in predictable and unpredictable selection regimes (Fig. 3) . To investigate Fig. 1 (a) Overall mean (AE SE) for fitness. Average fitness for all the selection regimes across three assay environments, namely Salt, Acid and Control, estimated as maximum growth rate (Black bars) and K (Grey bars). (b-d) Mean (AE SE) fitness. Average fitness for all the selection regimes for (b) Salt (c) Acid (d) Control assay environments, estimated as maximum growth rate and K. Dotted line denotes the fitness of the ancestor. * denotes P < 0.05 for Tukey's HSD and medium or large effect size, when compared to control populations, # denotes the same when compared with populations selected in Acid, whereas $ denotes the same when compared with populations selected in salt.
the issue further, we examined the variation in fitness across environments.
Predictable and unpredictable regimes showed similar reduction in the variation for fitness over the selection environments. This was consistent with previous experimental evolution studies in fluctuating environments where increased overall mean fitness (in 'generalists' sensu Kassen, 2014; Page 94-95 ) is typically accompanied by a decreased variation for fitness (Kassen, 2014; Page 95-97) . This negative association has been widely reported in long-term experimental evolution studies on bacterial populations irrespective of whether the environments fluctuate across different values of a single parameter (e.g. pH, Kassen, 2014; : table 4 .2) or multiple parameters (Karve et al., 2016) . Here, we show that a selection regime which is as short as~260 generations is sufficient for this negative association to evolve. This suggests that the populations maximize geometric mean of fitness that results in reduced variation for fitness across environments, which is consistent with existing theoretical predictions (Collins, 2011) .
In fact, we see that the choice of the selection environment plays a greater role in driving the extent of adaptation. It has been recently shown that, when exposed to different environmental combinations, the fitness changes in populations of Chlamydomonas were primarily driven by a few dominant drivers in the selection regimes (Brennan et al., 2017) . Our results point to a similar role of the environment, as fitness changes due to exposure to Salt during selection almost entirely explains the overall change in fitness. Moreover, the fitness improvement, when assayed in Salt, explains most of the increase observed in overall mean fitness (Fig. 1, Table S6 and S7). Not surprisingly, populations selected in Salt show overall mean fitness comparable to populations selected in fluctuating regimes (Fig. 1a) . Concurrently, populations selected in Acid do not fare better than the populations selected in Control (Fig. 1) . This result is intuitive given that E. coli is known to be well adapted to acidic environments (reviewed in Foster, 2004 ) which means selection for~260 generations was less likely to result in any further increase in fitness in that environment. Adaptation, in such a case, will mainly be driven by the environmental parameter in which the ancestor has lower fitness (here Salt). It is crucial to note that the unpredictable selection regime had only 10 instances of salt (pH 7, salt 5 g%) environment, as opposed to 20 instances of acid (pH 4.5, salt 0.5 g%) environment (Table S2) . One would expect the greater instances of salt to exert stronger selection pressure in the predictably fluctuating regime, compared to the unpredictably fluctuating one. But this increased strength of selection did not result in higher overall mean fitness in populations selected under predictable fluctuations. Overall, neither the lack of predictability nor the reduced exposure to the environmental driver could constrain the extent of adaptation in the unpredictable selection regime. Thus, when an ancestor is poorly adapted to any of the selection environments, the extent of this adaptation will strongly affect the fitness outcomes, whereas the nature of fluctuations themselves, whether predictable or unpredictable, might be of secondary importance.
This study used the same strain, similar evolutionary regimes and the same fitness parameters as two earlier studies on the effects of fluctuating environments (Karve et al., 2015 (Karve et al., , 2016 . Considering the outcomes of Fig. 2 Coefficient of variation (AE SE) in fitness. The coefficient of variance across three assay environments, namely Salt, Acid and Control, was computed for all the selection regimes for maximum growth rate (Black bars) and K (Grey bars). * denotes P < 0.05 for Tukey's HSD with medium or large effect size when compared to control populations, whereas # denotes the same when compared with populations selected in pH 4.5. these three studies together allows us to arrive at greater insights into the relative importance of multiple stressors and unpredictable fluctuations in affecting evolutionary outcomes in bacteria. Previously, we have shown that, when multiple stresses act simultaneously (i.e. the environment is complex), unpredictable fluctuations result in increased overall mean fitness and reduced variation for fitness over long term, that is 900 generations (Karve et al., 2016) . Similar increase was not observed though, when selection happened for a shorter duration of~170 generations (Karve et al., 2015) . This leads to the question of what constrains the adaptation to complex, unpredictably fluctuating environment over short term. Given the designs of the two previous studies, these observations could be due to the complexity of the environment or the unpredictability of fluctuations or an interaction of both factors.
The results of the present study shed light on this issue. Lack of fitness difference between predictable and unpredictable regimes strongly suggests that it is either the complexity or the interaction of the complexity with the unpredictability that could have prevented the adaptation in short run observed previously. This might be an explanation for why our results are in contrast with previous experimental evolution studies on comparing the fitness effects of predictable and unpredictable fluctuations. These previous studies investigate fluctuations across multiple values of a single parameter such as temperature (Leroi et al., 1994; Alto et al., 2013) or pH (Hughes et al., 2007) and report reduced adaptation for unpredictable fluctuations. In our experiment, the selection regime was such that every time the environment changed, the bacteria had to experience two qualitatively different kinds of stresses (Acid and Salt). Our results suggest that under such scenarios, there is little advantage of the stresses being experienced predictably.
One of the primary advantages of predictable fluctuations, as opposed to unpredictable ones, is that the population can evolve inducible phenotypic responses to the environment. Recent theoretical advances show that different kinds of responses evolve under different grain size and predictabilities of the environmental fluctuations (Botero et al., 2015) . But the applicability of such models in microbial systems is limited due to multiple reasons. Short life spans do not allow easy distinction of plastic, that is within lifetime, and evolutionary, that is across generations, responses. Additionally, there is very limited number of traits that can be quantified as a phenotypic response to the environment. Due to this, we resort to the measurement of fitness outcomes directly. Whether these were the result of bet hedging, inducible phenotypic plasticity or small mutational sweeps is the topic of future investigations.
All else being equal, this is a reason for cautious optimism for anyone who is worried about the effects of increasing climatic variability (Bhutiyani et al., 2007; Forister et al., 2010) on the evolution of microbes (Karve et al., 2015) . These results suggest that at least the unpredictability component of environmental fluctuations might be relatively inconsequential in determining microbial evolution in the short term, as long as the stresses experienced are sufficiently different in nature. However, all else is seldom equal in biology, and therefore, due caution must be exercised in extrapolating this result to other bacteria or other kinds of environmental conditions. But one can definitely state that the intricacies of the relationships between various components of environmental fluctuations in shaping the evolutionary dynamics of organisms will be a major challenge for evolutionary biologists for at least some time.
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